Epithelial-to-mesenchymal transition (EMT) is an essential phenotypic conversion involved in cancer progression. Epidermal growth factor (EGF) and transforming growth factor (TGF)-β1 are potent inducers of the EMT. Tanshinone IIA (Tan IIA) is a phenanthrenequinone extracted from the root of Salvia miltiorrhiza Bunge, and its anticancer activity has been demonstrated in numerous studies. However, the mechanisms of action underlying Tan IIA in EGF-and TGF-β1-induced EMT in HepG2 cells remain unknown. Multiple assays were utilized in the present study, including colony formation, wound healing, Transwell invasion, immunofluorescence staining and western blotting, in order to assess the influence of Tan IIA on HepG2 cells induced by 20 ng/ml EGF and 10 ng/ml TGF-β1. The present study reported that Tan IIA treatment decreased EGF-and TGF-β1-enhanced cell colony numbers, migration and invasion, and inhibited EGF-and TGF-β1-induced decreases in the expression levels of E-cadherin, and increases in the expression levels of matrix metalloproteinase-2, N-cadherin, vimentin and Snail. In addition, it was observed that Tan IIA decreased the expression levels of phosphorylated (p)-Akt and p-ERK1/2 induced by EGF and TGF-β1. Furthermore, western blot analysis confirmed that blocking the function of PI3K/Akt and ERK with LY294002 and U0126 resulted in upregulation of E-cadherin expression, and downregulation of vimentin and Snail expression in EGF-and TGF-β1-treated HepG2 cells. In conclusion, to the best of our knowledge, the results of the present study are the first to indicate that Tan IIA may suppress EGF-and TGF-β1-induced EMT in HepG2 cells by deactivating the PI3K/Akt/ERK pathway.
Introduction
Cancer, a major global public health problem, has been the first or second leading cause of mortality in the majority of countries thus far throughout the 21st century, and the incidence and mortality rates are rapidly increasing worldwide (1) . Despite significant advances in the diagnosis and treatment of cancer, tumor metastasis is a major barrier to increasing life expectancy and favorable clinical outcomes, as >90% of cases of cancer-associated mortality occur as a result of metastatic disease (2, 3) .
In cancer, epithelial-to-mesenchymal transition (EMT) is associated with the metastatic process, tumor stemness and resistance to therapy (4) . EMT is a cellular process in which cells lose their epithelial characteristics, acquire mesenchymal features and secrete matrix metalloproteinases (MMPs), which enable them to adopt more efficient motile and invasive properties. The common molecular markers of EMT include the loss of cell-cell adhesion mediated by downregulation of E-cadherin, and increased expression of mesenchymal markers (such as N-cadherin and vimentin), MMPs and transcription factors, including Twist, Slug and Snail (5) . Increasing evidence has demonstrated that EMT can be induced by several growth factors, such as epidermal growth factor (EGF), the transforming growth factor (TGF) superfamily, vascular endothelial growth factor and fibroblast growth factor, produced by tumor-associated stroma (6) (7) (8) (9) . EGF activates the intrinsic protein-tyrosine kinase activity of its receptor EGFR on the cell surface and initiates signal transduction, such as the PI3K/Akt, Janus kinase and mitogen-activated protein kinase (MAPK)/ERK signaling pathways, which have been reported to serve important roles in the EMT process by regulating the expression of EMT biomarkers (10, 11) . TGF-β1 is one of the most potent inducers of EMT via activation of the classical Smad2/3 signaling pathway, or other downstream pathways (non-Smad signaling pathways), including the PI3K/Akt, ERK and c-Jun N-terminal kinase signaling pathways (12, 13) . Therefore, altering the EGF-and TGF-β1-mediated signaling pathways may be an efficient strategy to prevent EMT progression.
Tanshinone IIA (Tan IIA; C 19 H 18 O 3 ), a phenanthrenequinone, is one of the major lipophilic components extracted from the medicinal herb Salvia miltiorrhiza Bunge (14) . Over the past few decades, Tan IIA has been proven to possess potential protective effects against cardiac fibrosis, atherosclerosis, and cardiovascular and endocrine system diseases (15) (16) (17) (18) . The anticancer effects and underlying molecular mechanisms of Tan IIA have also been studied extensively in a number of different cancer cell types in vitro and tumor types in vivo (19) . For example, studies have reported that Tan IIA causes apoptosis in a number of different types of cancer, including esophageal, colon, breast, lung and liver cancer (20) (21) (22) (23) (24) . In addition, Tan IIA has been revealed to inhibit yes-associated protein 1 transcriptional activity, thereby inhibiting its effects on cervical carcinoma stem cell migration and invasion (25) . Tan IIA has also been demonstrated to inhibit EMT in human bladder cancer cells via the STAT3-chemokine (C-C motif) ligand 2 signaling pathway (26) . Tan IIA inhibits the migration and invasion of HNE-1NPC nasopharyngeal carcinoma cells through inhibition of MMP-2 and MMP-9 (27) . However, the effects of Tan IIA on EGF-and TGF-β1-induced EMT processes and signaling molecules have not yet been investigated.
As the molecular interactions between PI3K/Akt and ERK signaling are prevalent in EGF-and TGF-β1-treated cancer cells, these interactions have significant roles in the initiation of EMT (28) . Therefore, the present study aimed to investigate whether Tan IIA inhibits EMT, migration and invasion in EGF-and TGF-β1-treated HepG2 cells by deactivating these two signaling pathways, which, to the best of our knowledge, has not yet been reported. The present study could provide a novel insight into the anticancer molecular mechanisms of Tan IIA.
Materials and methods
Cell lines and reagents. The human liver cancer HepG2 cell line was purchased from the Cell Bank of the Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences. The cells were grown in high-glucose DMEM supplemented with 10% FBS and 1% glutamine penicillin-streptomycin solution (all from Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in a 5% CO 2 incubator. Tan IIA with a purity of >98% was purchased from the National Institutes for Food and Drug Control. Human recombinant EGF and TGF-β1 were purchased from PeproTech, Inc. MTT, LY294002 and U0126 were purchased from Sigma-Aldrich; Merck KGaA.
Cell viability assay. HepG2 cells were seeded in 96-well plates (5x10 3 cells/well) overnight in an incubator and treated with Tan IIA (0, 0.25, 0.5, 1, 2, 4 and 8 µM) for 24, 48 and 72 h at 37˚C. A total of 20 µl 5 mg/ml MTT was added to each well, and the cells were incubated at 37˚C for an additional 4 h in an incubator, the formazan was dissolved with 100 µl of DMSO. A microplate reader (Bio-Rad Laboratories, Inc.) was used to analyze the absorbance at a wavelength of 490 nm.
Morphology observations. HepG2 cells were seeded in 6-well plates (1x10 5 cells/well) overnight at 37˚C, and treated with EGF (2.5, 5, 10 and 20 ng/ml) for 48 h. Cell morphology images were captured using a light microscope (magnification x200, Olympus Corporation).
Colony formation assay. HepG2 cells were seeded in 6-well plates (1x10 3 cells/well) overnight, then co-treated with EGF (20 ng/ml)/TGF-β1 (10 ng/ml) and Tan IIA (0.5, 1 and 2 µM) at 37˚C for 2 weeks. The cells were washed with PBS, fixed with 4% paraformaldehyde for 10 min at room temperature, and stained with 0.1% crystal violet for 20 min at room temperature. Colonies were imaged and counted using Image-Pro Plus software (version 6.0; National Institutes of Health).
Wound healing assay. HepG2 cells were seeded in a 6-well plate (3x10 5 cells/well) in 6-well plates and grown to 100% confluence. A wound was carefully made with a 10-µl pipette tip in the middle of the well, and the wells were washed with PBS. The cells were then incubated with fresh serum-free medium containing EGF (20 ng/ml)/TGF-β1 (10 ng/ml) with or without Tan IIA (0.5, 1.0 and 2.0 µM) for 24 h at 37˚C, and images of cell migration were acquired at 0 and 24 h using an inverted light microscope (Olympus Corporation).
Transwell invasion assay. HepG2 cells (3x10 4 cells/well) in medium with 1% FBS containing Tan IIA (0.5, 1 and 2 µM) were cultured in the Matrigel-coated upper chamber of an 8-µm Transwell (Invitrogen; Thermo Fisher Scientific, Inc.), and 15% FBS medium containing EGF (20 ng/ml)/TGF-β1 (10 ng/ml) or not was added into the lower chamber. After 48 h of culture at 37˚C in a 5% CO 2 incubator, non-invasive cells on the upper side of the membrane were scraped with cotton swabs, and the cells on the lower surfaces were fixed with 4% paraformaldehyde for 10 min at room temperature and stained with 0.1% crystal violet for 20 min at room temperature. The invasive cells were imaged under a light microscope, and the crystal violet was dissolved in DMSO. The absorbance of the invasive cells was analyzed at a wavelength of 600 nm using a microplate reader (Bio-Rad Laboratories, Inc.) to indicate the invasion rates.
Immunofluorescence analysis. Cells (2x10 4 cells/well) in 4-well chamber slides were co-treated with EGF (20 ng/ml)/TGF-β1 (10 ng/ml) and Tan IIA (2 µM) for 48 h at 37˚C. Immunofluorescence analysis was performed as previously described (7) . After the cells were incubated overnight at 4˚C with anti-E-cadherin (cat. no. 3195) and anti-vimentin (cat. no. 5741) antibodies (1:200 dilution; Cell Signaling Technology, Inc.), the cells were incubated with the corresponding secondary antibodies conjugated to fluorescein isothiocyanate (cat. no. 4412; 1:1,000; Cell Signaling Technology, Inc.) for 1 h at room temperature, and the nuclei were stained with DAPI (Beyotime Institute of Biotechnology) for 15 min at room temperature. Images were acquired using a Zeiss 880 laser confocal microscope (Zeiss AG).
Western blot analysis. Cells were seeded in 6-well culture plates (3x10 5 cells/well) and were untreated or co-treated with EGF (20 ng/ml)/TGF-β1 (10 ng/ml) and Tan IIA (2 µM)/LY294002 (20 µM)/U0126 (20 µM) for 48 h at 37˚C. The total protein was extracted using RIPA buffer mixed with 1% PMSF (Beyotime Institute of Biotechnology), and the protein concentration was analyzed using a bicinchoninic acid protein assay kit (Nanjing KeyGen Biotech Co., Ltd.), as previously described (29) . Equal amounts of total protein (30 µg) samples were separated by SDS-PAGE (8-12% gel) and transferred onto PVDF membranes (EMD Millipore). The membranes were then blocked in 5% skimmed milk for 3 h at room temperature and further incubated overnight at 4˚C with primary antibodies against GAPDH (cat. no. 5174), E-cadherin (cat. no. 3195), N-cadherin (cat. no. 13116), MMP-2 (cat. no. 87809), Snail (cat. no. 3879), vimentin (cat. no. 5741), Akt (cat. no. 4691), phosphorylated (p)-Akt (cat. no. 4060), ERK1/2 (cat. no. 4695) and p-ERK1/2 (cat. no. 4376) (1:1,000 dilution; Cell Signaling Technology, Inc.). This was followed by incubation with the appropriate goat anti-rabbit IgG secondary antibodies (cat. no. AS014; 1:3,000; ABclonal Biotechnology Co., Ltd.) for 1 h at room temperature. The protein bands were visualized using an ECL reagent (EMD Millipore) and analyzed using the Tanon 5200 image acquisition system (Tanon Science and Technology Co., Ltd.), as previously described (30) . The band intensity of western blotting was measured by densitometry using Image-Pro Plus J software (version 6.0; National Institutes of Health).
Statistical analysis. Data were statistically analyzed using SPSS software (version 23.0; IBM Corp.). Values are presented as the mean ± standard deviation using GraphPad Prism software (version 6.0; GraphPad Software, Inc.). One-way ANOVA followed by Duncan's post-hoc test was used for comparisons between multiple groups, while unpaired Student's t-test was used for comparisons between two groups. P<0.05 was considered to indicate a statistically significant difference.
Results

Establishment of the EGF-induced EMT model in HepG2
cells. Previous studies have demonstrated that HepG2 cells treated with 10 ng/ml TGF-β1 for 48 h exhibit fibroblast-like cell morphology, and a clearly induced EMT phenotype with significantly altered expression of EMT markers (7, 31) . The present study first established a model of EGF-induced EMT in HepG2 cells. As presented in Fig. 1A , control HepG2 cells grew in clusters and exhibited a classical cobblestone epithelial morphology and well-organized cell-cell associations, whereas HepG2 cells treated with EGF (5-20 ng/ml) exhibited an EMT-like cell morphology. The cells had a spindle-like mesenchymal morphology and were separated from one another. Furthermore, western blot analysis demonstrated that 20 ng/ml EGF treatment significantly decreased E-cadherin expression and increased N-cadherin, vimentin and Snail expression levels in EGF-treated cells compared with in cells from the control group (P<0.05; Fig. 1B) . As a result, 20 ng/ml EGF and 10 ng/ml TGF-β1 were used to induce EMT in the subsequent experiments.
Tan IIA inhibits the viability and colony formation of HepG2 cells. The chemical structure of Tan IIA is presented in Fig. 2A . The cytotoxic effects of Tan IIA on HepG2 cells were evaluated by MTT assay. As presented in Fig. 2B , Tan IIA significantly suppressed HepG2 cell viability in a dose-dependent manner, and higher concentrations of Tan IIA (≥2 µM) time-dependently inhibited cell viability. The IC 50 values of Tan IIA at 24, 48 and 72 h were 2.28, 1.62 and 1.13 µM, respectively. It has been reported that treatment with EGF and TGF-β1 promotes the malignant proliferation of cancer cells (32) . In order to investigate the effects of Tan IIA on the EGF-and TGF-β1-mediated clonogenic potential of HepG2 cells, a colony formation assay was performed. The results demonstrated that EGF-and TGF-β1-treated HepG2 cells had significantly increased colony numbers compared with the untreated cells, while Tan IIA (0.5, 1 and 2 µM) treatment dose-dependently inhibited the clonogenic ability of EGF-and TGF-β1-treated HepG2 cells (P<0.05; Fig. 2C ). These results indicated that Tan IIA exerted a strong inhibitory effect on the proliferation of HepG2 cells.
Tan IIA decreases the EGF-and TGF-β1-induced migration and invasion of HepG2 cells. Accumulating evidence has suggested that EGF and TGF-β1 can significantly enhance the motility of cancer cells (33) . The present study investigated the effects of Tan IIA on the migratory and invasive abilities of EGF-and TGF-β1-treated HepG2 cells using wound healing and Transwell assays. The results revealed that the migratory and invasive potential of EGF-and TGF-β1-treated HepG2 cells was markedly higher than that of control cells, whereas Tan IIA (0.5, 1 and 2 µM) significantly inhibited EGF-and TGF-β1-enhanced cell migration and invasion in a dose-dependent manner (P<0.05; Fig. 3 ). In particular, treatment with 2 µM Tan IIA led to the most significant inhibition of EGF-and TGF-β1-induced proliferation, migration and invasion of HepG2 cells. Therefore, 2 µM Tan IIA was used for the subsequent experiments.
Tan IIA inhibits EGF-and TGF-β1-mediated induction of EMT biomarkers in HepG2 cells. To ascertain whether
Tan IIA can inhibit EGF-and TGF-β1-induced EMT, the expression levels of the epithelial marker E-cadherin and the mesenchymal marker vimentin were analyzed in HepG2 cells by immunofluorescence staining. The results revealed that the expression levels of E-cadherin were markedly decreased in EGF-and TGF-β1-treated HepG2 cells, whereas vimentin expression was significantly elevated (Fig. 4A ). Compared with in the two model groups, 2 µM Tan IIA markedly increased the expression levels of E-cadherin and decreased vimentin expression. In addition, the present study further analyzed the expression of EMT-associated biomarkers in HepG2 cells via western blotting. The results indicated that, in HepG2 cells, EGF-and TGF-β1-induced downregulation of E-cadherin expression, and upregulation of N-cadherin, vimentin, Snail and MMP-2 expression, was reversed by Tan IIA (Fig. 4B) . These results confirmed that Tan IIA could effectively reverse EGF-and TGF-β1-induced EMT in HepG2 cells.
Tan IIA inhibits EGF-and TGF-β1-induced EMT in HepG2 cells by regulating the PI3K/Akt/ERK signaling pathway.
In order to investigate the potential molecular mechanism underlying the inhibitory effect of Tan IIA on the EGF-and TGF-β1-induced EMT process in HepG2 cells, the expression levels of proteins in the PI3K/Akt/ERK pathway were investigated in cells treated with EGF and TGF-β1 using western blot analysis. As presented in Fig. 5A , treatment with 20 ng/ml EGF and 10 ng/ml TGF-β1 for 48 h strongly induced the phosphorylation of Akt and ERK1/2 (two downstream signaling molecules of PI3K), whereas total Akt and ERK1/2 expression levels were unchanged. However, Tan IIA treatment significantly decreased the upregulated p-Akt and p-ERK1/2 expression levels induced by EGF and TGF-β1.
To further investigate the function of the PI3K/Akt/ERK signaling pathway in EGF-and TGF-β1-induced EMT in HepG2 cells, these cells were treated with the PI3K-specific inhibitor LY294002 and the MEK-specific inhibitor U0126. Compared with the groups treated with EGF or TGF-β1 alone, LY294002 and U0126 notably inhibited the protein expression levels of vimentin and Snail, and increased the protein expression levels of E-cadherin in EGF-and TGF-β1-treated HepG2 cells, consistent with the results of Tan IIA treatment (Fig. 5B) . Overall, the results from the present study suggested that Tan IIA suppressed EGF-and TGF-β1-induced EMT via inhibition of the PI3K/Akt/ERK signaling pathways in HepG2 cells.
Discussion
EMT is a reversible cellular process that promotes tumor stemness, metastasis and resistance to therapy; the secretion of EGF or TGF-β1 by the tumor is associated with EMT progression (34, 35) . Previous studies have confirmed that TGF-β1 induces EMT in HepG2 cells (7, 31) ; however, the association between EGF and HepG2 cells has rarely been reported. The present study first established an EMT model of HepG2 cells induced by EGF. The results demonstrated that in response to EGF, HepG2 cells lost their epithelial morphology and adopted a mesenchymal-like spindle-shaped morphology. The expression levels of two mesenchymal markers (N-cadherin and vimentin) and a transcriptional factor (Snail) were increased, whereas the expression levels of an epithelial marker (E-cadherin) were decreased. These results indicated that treatment of HepG2 cells with 20 ng/ml EGF for 48 h successfully promoted EMT.
Tan IIA, which is an effective therapeutic agent with multi-targeted actions, has been used to treat numerous human diseases in China (36) . Analysis of the cancer cell death mechanism associated with Tan IIA has been provided by numerous studies. Notably, Tan IIA has been reported to significantly increase apoptotic cell death rate and decrease HepG2 cell-based tumor growth in nude mice by inhibiting CYP2J2 activity (37) . Tan IIA may also cause apoptosis of HepG2 cells by inducing cell cycle arrest at the sub-G 1 stages and by affecting the microRNA30b-p53-PTPN11/SHP2 signaling pathway (38) . Additional reports have demonstrated that Tan IIA suppresses the invasive and migratory abilities of astrocytoma cells via the Notch-1 pathway (39), and inhibits TGF-β-induced EMT by inhibiting the Smad signaling pathway and transcription factors (40) . However, the mechanism of action underlying Tan IIA in EGF-and TGF-β1-induced EMT in HepG2 cells remains unclear. The present study used HepG2 cells as a reliable model of EMT induced by EGF and TGF-β1 to investigate whether Tan IIA has antimetastatic effects in vitro. The results revealed that Tan IIA significantly inhibited the clonogenic ability of EGF-and TGF-β1-treated HepG2 cells in a dose-dependent manner. Furthermore, Tan IIA clearly inhibited the EGF-and TGF-β1-enhanced migration and invasion of HepG2 cells, as demonstrated using wound healing and Transwell assays. Immunofluorescence staining and western blotting revealed that Tan IIA rescued alterations in EMT-associated biomarker proteins (MMP-2, E-cadherin, N-cadherin, vimentin and Snail) induced by EGF and TGF-β1 in HepG2 cells, indicating that Tan IIA reversed EMT mediated by EGF and TGF-β1.
EGF binds to EGFR on the cell surface, which triggers classical EGF/EGFR signaling pathways resulting in upregulation of ERK1/2 and AKT phosphorylation (41) . For example, EGF treatment induces EMT in pancreatic cancer cells via the integrin/EGFR-ERK/MAPK signaling pathway (42) . Activated p-ERK1/2 and p-AKT mediate the process of EMT in human breast cancer MDA-MB-231 cells (43) . Continuous EGF treatment has been demonstrated to upregulate Snail and Twist expression to induce EMT in prostate cancer PC-3 cells via the EGFR/PI3K/Akt/ERK signaling pathway (44) . Despite the well-known role of the TGF-β1-induced Smad-dependent pathway in the EMT process, non-Smad signaling pathways mediated by TGF-β1 have also been demonstrated to serve a crucial role in cancer progression (7, 45) . In addition, the protein expression levels of p-ERK have been reported to be notably upregulated in TGF-β1-induced U-87 glioblastoma cells (46) . The PI3K/Akt/mTOR signaling pathway activated by TGF-β1 is able to induce EMT in PANC-1, AsPC-1 (47) and HCT116 cells (48) , consistent with the role of EGF. Therefore, it was hypothesized that deactivating the PI3K/Akt/ERK signaling pathway may reverse EMT in EGF-and TGF-β1-treated HepG2 cells. The present study demonstrated that treatment with Tan IIA significantly decreased EGF-and TGF-β1-mediated Akt and ERK phosphorylation in HepG2 cells. Furthermore, LY294002, a PI3K/Akt inhibitor, and U0126, an ERK inhibitor, increased the expression levels of E-cadherin, and inhibited the expression levels of vimentin and Snail in HepG2 cells treated with EGF and TGF-β1. Overall, the results from the present study indicated that Tan IIA may have an opposing role in EGF-and TGF-β1-induced EMT by inhibiting the activation of Akt and ERK phosphorylation. It has been reported that the Smad2/3 pathway also serves a predominant role in EMT in various types of cancer; however, the exact role of Smad proteins in TGF-β-induced EMT remains controversial and depends on an array of cofactors (49) .
A limitation of the present study was that the EGF-and TGF-β1-induced EMT models used only involved the human liver cancer cell line HepG2. The value of this research could increase by performing all experiments in at least an additional authenticated liver cancer cell line. In addition, cell cycle analysis would demonstrate whether Tan IIA exerts any impact on cell proliferation in EGF-and TGF-β1-induced cell models, which would be worth investigating in further detail in future studies. Given that the anticancer activity of Tan IIA has attracted interest in the past decade, it is possible that Tan IIA also directly affects Smad signaling, and may have anti-EMT effects on other liver cancer cell lines treated with EGF or TGF-β1, as well as in animal models of metastasis in vivo. In addition, the investigation of Tan IIA alone on the proliferation and migration, as well as on the EMT markers of liver cancer cells, compared with the EGF-and TGF-β1-treated cells may also vastly increase the value of the research, which should be investigated in future studies.
In conclusion, the present study demonstrated the potential anti-EMT effects of Tan IIA in EGF-and TGF-β1-induced cell models. To the best of our knowledge, the present study is the first to suggest that Tan IIA efficiently targets the PI3K/Akt/ERK signaling pathway to suppress EGF-and TGF-β1-induced migration, invasion and EMT in HepG2 cells. Furthermore, these results suggested that Tan IIA could be developed as a potential therapeutic agent for the treatment of metastatic dissemination of cancer cells.
